The perceptible vibration of curved twin I-girder bridges under traffic loads is an important design consideration, because this bridge have rather low torsional stiffness that produce excessive vibrations. The objective of this investigation was to study the vibration of curved twin I-girder bridges due to moving vehicles and the effect of vibrations on bridge users. To this end, a comprehensive three-dimensional finite element models for bridge and vehicle are developed by using ANSYS code for studying bridge-vehicle interaction and the resultant sensitivity to vibration. Truck parameters include the body, the suspension and the tires. Gap and actuator elements are incorporated into the tire models to simulate the separation between the tires and road surface, and road surface roughness, respectively. Road roughness profiles are generated from power spectral density and cross spectral functions. To couple the motion of the bridge and vehicle, Lagrange multipliers and constraint equations are utilized through the augmented Lagrangian method. A parametric study is performed to identify the effect of various parameters on the vibration of the bridge. The results have been expressed in the form of human perceptibility curves. This study finds that the bridge response is significantly influenced by the road roughness, bump height at expansion joint and vehicle speeds. The results show that the inclusion of features such as increasing the torsional stiffness by providing additional stiffened bracing has major effects on the reduction of perceptible vibration.
Introduction
 Human sensitivity to vibration poses serious technical problems for engineers in various fields. In the field of transportation, there is concern for comfort in automobiles [1] , civil aircraft [2] and in design of military aircraft for maximum efficiency [3] . One of the recent concerns of civil engineers has been the objectionable level of vibration on urban bridges used by pedestrians and vehicles. A bridge's vibration due to moving traffic is important for two reasons. First, the stresses are increased above those due to static and dynamic load applications. This is normally accounted for by the "impact factor" or "dynamic amplification factor" in the design [4, 5] . The second reason is that excessive vibration may be noticeable to persons on the bridge. The human body, however, is primarily sensitive to dynamic effects, such as acceleration and change of acceleration. Although not related to issues of safety, this may have the psychological effect of impairing public confidence in the structure. In cases where humans are disturbed by vibration of low frequency and large amplitudes, human reactions are basically physiological (low frequency and large amplitude vibrations are associated with sea sickness). On the other hand, in cases where a person is subjected to unexpected vibration, for instance, when a pedestrian on a bridge experiences whole body vibration due to traffic crossing the bridge, his reaction may be totally psychological. In such a case, a pedestrian may associate unexpected motion of the bridge with its poor design and possibly its failure, not knowing that this type of vibration is quite normal for D DAVID PUBLISHING the bridge, therefore, demands consideration at the design stage [6] .
Literature related to human sensitivity to vibration was briefly reviewed by Guignard [7] and suggested that there is a need for more basic research into the factors determining human reaction to vibration of relatively low intensity and of the kind induced in structures excited by traffic. The perceptible vibration of multi span straight steel girder bridges under vehicle loads was studied by Moghimi and Ronagh [8] .
They consider a simple model of vehicle, as well as road roughness and studied parametrically. However, the behavior of curved I-girder bridges is more complex and the curvature makes it complicated to perform numerical analyses compared with straight ones. Some studies of dynamic response of horizontally curved I-girder bridges have been performed for road vehicles in which multi-degrees-of-freedom vehicle models have been used in conjunction theoretical road surface profiles with some assumptions [9] [10] [11] [12] . All of these researches referred above are focusing on multi I-girder bridges, while limited study was on horizontally curved twin I-girder bridges. Curved twin I-girder bridges have rather low torsional stiffness [13] , because of not only the small number of their main girders but also the minimized crossbeams, lateral and sway bracing structures. This type of bridge may easily vibrate under external dynamic loads like moving vehicles, wind loads, etc. [14] .
Past studies have shown that the dynamic response of a bridge depends on the dynamic properties of the vehicle, the dynamic properties of the bridge, and the bridge's pavement roughness. Vehicle properties include the self-weight, physical dimensions and mechanical properties of the suspension system and the tires. Bridge properties include the mass, flexural stiffness and span length. Some researchers suggest that other parameters, including the ratio of live load to dead load, tire stiffness and suspension stiffness, vehicle speed and bounce on suspension, also affect a bridge's dynamic response to the passage of a vehicle [5, 15] . In theory, bridge response cannot be separated from the vehicle loading, since the response of a real bridge affects the wheel loads that initiate the original response. Therefore, an iterative analysis is required at each time step to ensure compatibility between the suspension, the bridge deflections and the interacting forces. In these cited studies, the interaction dynamics are treated as simple method and have some limitations because of geometric complexities of curved bridges. However, almost all of the analyses are local developed computer programs that were intended primarily for research use. In recent days, by using the powerful computers and the availability of advanced numerical methods, two-or even three-dimensional numerical modeling of bridge vibrations is within reach.
In the current studies, twin I-girder curved bridge-vehicle interaction dynamics and human perception to vibration are analyzed, based on FE (finite element) modeling by using commercially available ANSYS code. The objective of this investigation is to study the vibration of curved twin I-girder bridges due to moving vehicles and the effect of vibrations on bridge users. A parametric study is performed to identify the effect of various parameters on the vibration of the studied bridge. The results have been expressed in the form of human perceptibility curves (graphs of perceptible vibration acceleration versus vibration frequency). Based on the parametric study, several simple design rules are presented for the serviceability performances of steel curved twin I-girder bridges.
Base Curve of Human Perceptibility
Human are amazingly sensitive to vibration and are often disturbed by intensities that are well below those required to overstress the structures they inhabit or use [8] . Therefore, in the design of structures, human response to vibrations caused by frequent sources of dynamic loading, e.g., running vehicles or wind, should be regarded as a serviceability limit state. In general, several factors influence the level of perception and the degrees of sensitivity of people to vibration. Among them, one can note position of the human body, excitation source characteristics, exposure time, floor and deck system characteristics, level of expectancy and type of activity engaged in Refs. [16] [17] [18] . Higher values of vertical motion are acceptable in bridges, when compared to residential or office buildings, because users are out in the open and are more aware of the presence of wind or traffic. Furthermore, people crossing a bridge are exposed to vibration for short period of time.
Smith [19] presented the work of Irwin, who suggested a base curve for acceptable human sensitivity to vibration of a bridge shown in Fig. 1 . According to the ISO (International Organization for Standards) [20] , at vibration magnitudes below the relevant curve, complaints regarding vibration are rare, and, therefore, these magnitudes can be regarded as acceptable limit. A survey of users of highway bridges in the USA [19] indicated that, in the majority of cases, reports of disturbing vibration come from pedestrians. It appeared that the reason for this is that the drivers and passengers inside the vehicles seldom notice the oscillations of bridges, perhaps because their vehicle's normal vibration obscures these. It has been shown by Smith that pedestrians are less susceptible to the vertical component of vibration when walking than when standing [19] . A less stringent recommendation is suggested in the British standard for bridge design-BS 5400. Although it relates especially to footbridges, it can be applied to the footways of highway bridges as well. This standard is reasonably close to Irwin's suggested curve for storm conditions. In the current investigation, Irwin's curve for vertical component of bridge motion in stormy wind conditions is selected as a base curve for the human-perceptible vertical component of vibration on the footway of the bridge deck. Vertical component of time histories acceleration at a point on the footway are calculated to determine the corresponding root mean square (r.m.s.) acceleration, while the frequency is obtained by DFT (discrete Fourier transform).
These accelerations with corresponding frequency are then compared with the corresponding base curve shown in Fig. 1 . Only if the calculated values lie below the respective base curve, is the criterion met.
Numerical Models
The numerical models for investigating the bridge-vehicle interaction dynamics are created by ANSYS code. It has numerous element types and especially an advanced contact technology, which is useful for the bridge-vehicle interaction analysis.
Bridge Model
In this study, horizontally curved steel twin I-girder bridge is adopted for discussion. It is simply supported at one end with roller bearings and at the other end with hinged ones. The span-length of the studied bridge is 50 m long. Two main I-girders of the studied bridge are spaced at 6.0 m apart transversely. 
Road Roughness Model
In the bridge-vehicle interaction model, the road roughness must be modeled to analyze the effect of the road's surface roughness. Roadway surface profiles used in the dynamic response analyses are simulated by periodically modulated random processes that can be described by PSD (power spectral density) functions proposed by Dodds and Robson [23] and Honda et al. [24] as in Eq. (1):
where, S(n) = PSD (m 2 /cycle/m); n = wave number (cycle/m); n 0 = discontinuity frequency = 1/(2π) (cycle/m); S(n 0 ) = roughness coefficient (m 2 /cycle/m). , 80 × 10 −6 and 320 × 10 −6 for very good, good, average and poor road surfaces, respectively, are considered in this study. The value of w is varied from 1.36 to 2.28 depending on the road state. Correlated road surface profiles are generated from PSD and cross spectral density functions by assuming road surface as homogeneous and isotropic random process proposed by Dodds and Robson [23] and Sayers [25] as in Eq. (2):
where, S x (n) = cross spectral density; x = longitudinal distance; N = number of sinusoidal components; n i = spatial frequency; Δn i = bandwidth; φ i , θ i = first and second random phase angles, respectively. By using these equations, several road roughness profiles are generated for very good, good, average and poor roads. Typical good road roughness profile is shown in Fig. 4 .
Contact Model
To couple the motion of the vehicle and bridge structure, contact technology is employed in this study. ANSYS node-to-surface contact pair consisting of a target surface mapped on the surface of deck element and contact elements connected with actuator elements are adopted. This contact technique allows contact nodes to slide on the target surfaces with or without friction. Isotropic coulomb friction is considered to the analysis. Lagrange multipliers and kinetic constraint equations between these systems are utilized by using augmented Lagrangian method; which is an iterative series of penalty updates to find the Lagrange multipliers. This method is selected over others such as pure penalty, pure Lagrangian multiplier methods because it usually leads to better conditioning and is less sensitive to the magnitude of the contact stiffness coefficient while introduces no additional equations to the discrete system [26] .
Effect of Various Parameters on Human Response
In a curved bridge, outside girder vibration is always larger than the inside one shown in Fig. 5 . This figure shows deflection and acceleration at mid span under vehicle moving on outside lane with 30 km/h speed and average road roughness conditions. When the vehicle traveled closer to the sidewalk, the bridge section underwent a coupled mode consisting of torsional and vertical vibration and it is larger in outside girder in curved bridge. Decreasing radius of curvature means shortening the length of inside girder and lengthening that of the outside one, which is the reason why the inside girder is stiffer than the outside one. To study the bridge vibration, its dynamic response including deflection, acceleration of mid span of girder was considered. Since the girders are near the sidewalks and outside girder vibration is larger than the inside one, therefore outside girder vibration is of interest.
Based on the dynamic model introduced earlier, a comprehensive parametric study was performed to identify the effect of various parameters on the dynamic response of a composite steel twin I-girder bridge. To investigate the effect of each parameter on the human response, the results have been drawn on the human perceptibility curves similar to the curves depicted in Fig. 1 . In this study, as mentioned earlier, Irwin's storm condition curve was selected as the base curve for the human perceptible vibration on the bridge sidewalk.
Vehicle Velocity
To study the effect of vehicle velocity, vehicle was charge) is, therefore, ruled out as a means of remediation, although felt necessary until more effective measures were in place.
Road Roughness
An important factor affecting the dynamic response of bridge-vehicle interaction system is road surface roughness. Fig. 7 . From the figure, it can be seen that, with the increasing of road surface roughness, the acceleration at all the cases increase distinctly. The acceleration value of very good roughness condition is lie below the base curve. However, in 30 km/h vehicle speed, the acceleration value of good roughness condition is lie on the base curve, because in this case dynamic response is dominated with combined effect of vehicle and first vertical mode of the bridge [27] . In all roughness conditions, accelerations are larger at the fastest studied speed of 120 km/h. In a new bridge, road surface condition is good, however after several years, roughness is increasing and corresponding perceptible vibration also increase. Therefore, frequently maintenance of bridge deck is necessary to keep the good roughness condition for the better serviceability performance of the studied bridge.
Radius of Curvature
Effect of radius of curvatures on the human response are investigated by considering four types of radius of curvature (r = 100 m, 200 m, 400 m and 800 m) with minimum and maximum studied velocities (V = 30 km/h and V = 120 km/h) and considering good road surface roughness are shown in Fig. 8 . This figure shows the effect of radius of curvature on perceptible vibration is low, that is acceleration value dose not very so much with varying radius of curvatures. However, 100 m radius bridge produces comparatively small acceleration value than others curvature of both studied vehicle speed. Also, the related frequency of 100 m radius bridge is comparatively smaller than others curvature of both studied vehicle speed. Because, in 100 m radius of curvature bridge torsional vibration is dominated more than the vertical vibration due to larger outer girder length and smaller inner girder length [27] . Except the 100 m radius bridge, as the radius of curvature decreases, little increase in the vibration acceleration is induced while the vibration frequency is little affected. For this particular bridge, it is obvious that the perceptible vibrations lie comfortable in 100 m radius bridge for low speed. However, other radius of curvatures, the perceptible vibrations are beyond comfort levels, even when vehicle travel at low speed.
Vehicle Length Effect
As AASHTO HS20-44 vehicle, the spacing between the two rear axles can be varied between 4.3 m and 9.0 m to produce unfavorable effects. In this study, six different axle spacing between the two rear axles ranging from 4.3 m to 9.0 m are analyzed. The result for 90 km/h vehicle speed with good roughness condition is shown in Fig. 9 . It should be noted that acceleration increases with the increase of rear axle spacing; Whereas, the frequency is different for different axle spacing. That is the characteristics of vehicle are changed accordingly with each axle spacing to keep the weight distributions on tires unchanged. In the study bridge, it is obvious that the perceptible vibrations are comfort levels for the rear axle length is below 8 m. Imposing a vehicle length that is vehicle type (proposed by some of the authorities in charge) is therefore ruled out as a means of remediation.
Bump Height at Expansion Joint
In general, bridge road profiles, such as those occurring at movement joints or those caused by the settlement of the approach road, may have dominant effects on bridge response. Many complaints about the riding comfort usually involve abruptly bumps when vehicle entering or leaving bridges. Field observations indicate that the area on the top of abutments, next to expansion joints is usually damaged causing changes on the road surface. This section tries to establish correlations of bump heights, roughness classes, vehicle speeds with perceptible vibration level to help design engineers develop a serviceability performance.
To analyze the effect of bump heights on perceptible vibration, three different bump heights are investigated for parametric study namely h = 2 cm, Fig. 10 . From this figure, it can be seen that acceleration values are increasing with increasing bump heights, while the vibration frequency is little affected. At this almost constant frequency, it is true to say that the perception of vibration is related to the bump height. The higher the bump height, the higher the vibration will be felt. Also different acceleration values are obtained for different roughness conditions and little effect on corresponding frequency. Of course, the poor roughness condition has higher acceleration value and very good roughness has lower acceleration value. That is, worse the road roughness is, larger the vibration is felt. For the studied bridge, it is obvious that the perceptible vibration is greatly affected on bump heights. Therefore, frequently bridge maintenance is needed to reduce the bump height at expansion joint in appropriate level. Also extra care should be taken to construct the approach slab next to expansion joint so that settlement of approach slab and damage of expansion joint will be reduced in reasonable level. Note that by providing bottom bracings, responses are reduced from the original model (M0) as shown in Fig. 11 ; That is torsional stiffness increase significantly after providing bottom bracings. For good roughness conditions, M2 and M5 models acceleration are lie below the base curve and for average roughness conditions M2 model acceleration is lie below the base curve. That is among all models, M2 model exhibit better dynamic performance, because in this model, one T-section steel member is attached to the lower part, and the other inverted T-section steel member is just attached to the upper part of the first member, while the touching portion are rigidly jointed. That is why this type of bottom bracing is much stiffer and remarkably reduced dynamic vibration.
Conclusions
This paper investigated the vibration of curved twin I-girder bridges due to moving vehicles and the effect of vibrations on bridge users, based on numerical simulation of bridge-vehicle interaction. With respect to the results obtained from the previous sections, the following conclusions can be drawn.
Different vibration acceleration and frequency are obtained at different vehicle speed due to torsional vibration effect of twin I-girder bridge. For this particular bridge, it is obvious that the perceptible vibrations are comfort levels when trucks travel at up to 90 km/h speeds. Imposing a speed limit is therefore ruled out as a means of remediation.
Bridge response is significantly influenced by road roughness, i.e., as the road roughness increases, dynamic response also increases. In a new bridge deck roughness is usually good; however after several years using the bridge deck, road roughness is increasing and corresponding perceptible vibration also increase. Therefore frequently maintenance of bridge deck is necessary to ensure the good roughness for the better serviceability performance of the bridge.
It was found that the effect of radius of curvature on perceptible vibration is low. For this particular bridge, it is obvious that the perceptible vibrations lie comfortable in 100 m radius for low speed. However, other radius of curvatures, the perceptible vibrations are beyond comfort levels, even when vehicle travel at low speed. Also, the perceptible vibrations are comfort levels for the two rear axles spacing up to the 8 m. Therefore imposing a vehicle type is ruled out to keep good serviceability performance.
The defects at expansion joint greatly impact on the perceptible vibration of the studied bridge. Almost constant frequency, it is true to say that the perception of vibration is only related to the bump height. The higher the bump height, the higher the vibration will be felt. Therefore, frequently bridge maintenance is needed to reduce the bump height at expansion joint in appropriate level. Also extra care should be taken to construct the approach slab next to expansion joint so that settlement of approach slab and damage of expansion joint will be reduced in reasonable level.
It was found that perceptible vibrations are reducing by providing bottom bracing, due to increasing the torsional stiffness. Among all the studied models, M2 model gives better performance for reducing the perceptible vibrations. Therefore, bridge designer should pay attention to this phenomenon and consider the suitable bottom bracing system to minimize the perceptible vibrations of studied bridge.
